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Two subjects are studied in this thesis: (1) impurity-hydrogen (Sb-, Te-,
Sn-hydrogen) complexes in crystalline silicon (c-Si); (2) Sb-vacancy complexes
in crystalline and pure amorphous silicon (a-Si). The main experimental
techniques used in this work are ion implantation and Móssbauer sp€ctroscopy
(Chapter 2). Using ion implantation technique, we are able to introduce an
element into a sample in a control way (e.g. one can choose the implantation
parameters, such as energy, dose, and implantation temperature). In particular,
the low-energy implantation of hydrogen technique allow us to introduce
hydrogen in silicon without creating any damage, which is advantageous over
the conventional plasma method. While using many other methods one
normally has to identify which signals are related to the dopants, the advantage
of using Móssbauer spectroscopy lies in the fact that it supplies direct
information about local environment of the dopants. Furthermore, we have
studied the microscopic structures and properties of impurity-hydrogen
complexes with state-of-the-art theoretical methods (Chapter 3), based on
density functional theory using the local density approximation and ab initio
norrn-conserving pseudopotentials. This provides immediate insight into
experimental observations.
Hydrogen is a major reactant with solids as a result of its strong
chemical activity, high lattice mobility, and wide occurrence as H, and as a
constituent of molecular gases and liquids. Hydrogen interacts strongly with an
extensive array of defects and dopants in c-Si, usually causing a qualitative
change in the electrical and optical properties of the imperfection. These
interactions have a large and growing impact on Si device technology, and this
has stimulated a substantial body of research, both basic and empirical, to
provide an information base for prediction and conffol.
It is experimentally found that H can passivate both shallow and deep
dopants in c-Si. One of the important question is why the passivation
efficiency for shallow dopants is generally lower in n-type Si than in p-type
Si. To understand this question, a more definitive understanding of the various
dopant-hydrogen complexes in n-tpe Si and their contributions to the
electrical properties is very desirable. The results presented in this thesis help
to understand the above-mentioned question.
In Chapter 4, we present experimental results on the study Sb-H
complexes in c-Si, employing ttnsb -+ tteSn source Móssbauer specffoscopy
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and a low-energy H implantation technique. The substitutional Sb site is
characterized by a line with an isomer shift of 1.80 mm/s. Introduction of H
in n-type c-si results in a H-associated line and a large reduction of the
Móssbauer intensity, even at 4.2 K. For the different Móssbauer components
we have studied in detail the effects of (1) the sample temperature in the
Móssbauer measurement, (2) the total H dose, (3) the temperatue of the H
implantation, and (4) thermal annealing. The Móssbauer data are analyzed in
terms of a simple model which describes the kinetics of formation and
dissociation of the various H complexes. From the analysis of the data, the H-
associated line is assigned to an SbH complex, whereas the reduction of the
total intensity ("invisible fraction") is attributed to the formation of an SbH,
complex. This provides direct evidence for the formation of an SbH complex
and for multiple trapping of H at Sb donor atoms. The formation of SbH, is
exothermic, requiring the SbH complex as an intermediate step. It is
demonstrated that these complexes are in thermal equilibrium with a larger
hydrogen reservoir (Hz.). The binding energy of one hydrogen atom in bóth
complexes is slightly less than that of hydrogen in Hr*. Moreover, it is shown
that the annealing behavior of both complexes is govemed by the rate at which
Hr' escapes from the dopant region. No Sb-H complexes are observed in p-
type c-Si after H irnplantation, providing support for the model that hydrogen
has a deep donor level in the energy gap.
In chapter 5, we study tellurium-hydrogen complexes using low energy
H implantation and time-dependent Móssbauer spectroscopy in the two step
decay rrhTe -> ttesb -) rtesn. The different Móssbauer components were
studied as a function of the relative contribution of rrhTe to the Móssbauer
intensity. Direct evidence is provided for the formation of Te-H complexes in
n-twe c-Si. In addition to the well-known Sb-H complexes, Te-H complexes
with one and (at least) two hydrogen were found. Our results suggest that the
H-sites in TeH and SbH complexes are similar.
Theoretical results on impurity-H complexes in c-si are presented in
Chapter 6. For neutral SbH, TeH, and SnH complexes, the stable
configurations are found to be similar and of the type AB-Si (the H is located
at the antibonding site of a Si that is adjacent ro the impurity). This is
consistent with our Móssbauer results. For the Sb-H system, the binding
energies of H-atoms in the complexes are calculated. The results indicate that
the formation of SbH, is indeed exothermic, in agreement with the experiment.
Furthermore, SbH, exhibits similar electrical properties as substitutional Sb.
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and H2', but may also electrically activate the sample. Microscopic structures
of the various impurity-H complexes are proposed.
The interest in a-Si lies in two main Íreas. First" a-Si is the model
system of covalently bonded continuous random network. Its properties and
especially the differences between a-Si and c-Si clearly illusfate the influence
of disorder on the physics of solids. Second, in its hydrogenated form a-Si (a-
Si:H) shows semiconducting behavior and can be doped. Because a-Si:H can
be prepared in thin-film form it can be used in devices, such as solar cells.
There aÍe two pertinent questions concerning the properties of pure d-
Si. First, structural relaxation of a-Si has shown to be mediated or
accompanied by annihilation of defects. Similarly, annealing of ion-beam-
induced damage in c-Si is also mediated by point defect annihilation.
Calorimetry studies indicate similar mechanisms for the annealing of defects
in c-Si and structural relaxation in a-Si. It is well-known that a-Si can
accommodate different types of defects, for instance dangling or floating
bonds. However, these topological defects do not exist in c-Si. Therefore, the
similarities between annealing of c-Si and a-Si may be understood if point
defects similar to those in c-Si would also exist in a-Si. The second question
is why in as-implanted a-Si, the density of paramagnetic dangling bonds
measured by elecron paramagnetic resonance is 10-30 times lower than the
total defect density estimated from optical measurements. This could be
understood if a-Si would contain electrical defects different from dangling
bonds, such as vacancies and,/ vacancy-complexes, which introduce elecffonic
levels in the band gap associated with non-magnetic electron states. The aim
of the study presented in Chapter 7 is to examine the local environment of
impurity atoms in a-Si in order to find out if specific impurity-point defect
clusters exist similar to those in c-Si and if vacancies exist in c-Si.
The microscopic nature of defects in ion-implanted c-Si and a-Si has
been studied using Móssbauer spectroscopy. The evolution of the local
sfructure around the probe atoms is followed during thermal annealing of ion-
beam-created amorphous and ion-beam-damaged crystalline Si. Direct
comparison of the Móssbauer parÍuneters of treSb in c-Si and a-Si demonstrates
that Sb occupies two distinct sites in each material with similar local
envhonments in both materials. These sites are identified as fourfold
coordinated substitutional Sb and Sb-vacancy complexes. Annealing of proton
inadiated c-Si at 150 'C causes the Sb-vacancy complex to change from a
substitutional Sb adjacent to a vacancy to a more complicated complex.
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Annealing of a-Si in the tempeÍature range from 100 to 550 'C is shown to
reduce distortions in the network (structural relaxation), and to be accompanied
by a large reduction of the Móssbauer intensity ("invisible fraction"). In a
tentative model describing the Móssbauer data, the invisible fraction is
attributed to Sb-trro-vacancy complexes which are in equilibrium with the Sb-
single-vacancy complexes and a vacancy reservoir in the a-Si network. These
results provide evidence for thq existence of vacancies in the a-Si nenpork.
